-Flag-GFP.
Introduction
Protein transport through the secretory pathway is mediated by membrane vesicles coated with cytoplasmic coat proteins. In the early secretory pathway, correctly folded proteins are transported from the ER into coat protein complex II (COPII)-derived vesicles (Bonifacino and Glick, 2004; Lee et al., 2004) . Most secretory and membrane proteins are actively sorted and packaged into COPII vesicles, whereas a bulk flow mechanism also exists (Barlowe, 2003) . One of the COPII components, Sec24, directly associates with cargo proteins and packages them into the vesicles depending on the sorting signals (Miller et al., 2003) . Structural studies on COPII have revealed that Sec24 isoforms have multiple cargo recognition sites that bind to sorting signals and select cargo proteins (Mancias and Goldberg, 2008) . Many membrane proteins contain sorting signals that are directly recognized by the intracellular machinery. However, in some cases, adaptor proteins, the so-called cargo receptors, which act as bridge between the cargo and COPII components, are needed for efficient transport (Dancourt and Barlowe, 2010) .
Additionally, because soluble secretory proteins cannot bind to Sec24, transmembrane cargo receptors are critical for linking to cytoplasmic COPII components (Appenzeller et al., 1999; Belden and Barlowe, 2001) .
Glycosylphosphatidylinositol (GPI) anchoring of proteins is a highly conserved posttranslational modification that occurs in eukaryotes. To date, >150 proteins, including receptors, adhesion molecules, and enzymes, are known to be modified by GPI in mammalian cells. Biosynthesis of GPI and attachment to proteins are performed in the ER . Once GPI-anchored proteins (GPI-APs) are formed, they are transported from the ER to the cell surface via the Golgi apparatus. For sorting GPI-APs that are localized in the lumen and cannot bind to COPII directly, cargo receptors are required for their efficient transport. The p24 family proteins are type-I membrane proteins that are recycled between the ER and the Golgi (Strating and Martens, 2009 ). These proteins form heterooligomeric complexes and bind to COPI and COPII. Members of the p24 family in yeast are involved in efficient packaging of were transfected into C19 and FPRC2 cells, the delay in transport was rescued (Fig. 2 , B and C). In the steady state, the ER form of DAF was accumulated in pgap1 and pgap5 mutant cells (Fig. 2 D) , which suggests that delayed transport was caused by due to a slow exit from the ER. The amount of the accumulated ER form of DAF in the steady state remained small relative to the mature forms of DAF because the mature forms are stably maintained at the plasma membrane. The accumulation of the ER form of DAF disappeared when the responsible gene was reintroduced (Fig. 2 D) . These results suggest that both remodeling reactions mediated by PGAP1 and PGAP5 are required for the efficient transport of GPI-AP from the ER.
We next investigated which step during transport from the ER to the Golgi was impaired in the mutant cells defective in GPI remodeling. To visualize the sorting of GPI-APs into the ERES, we used VFG-GPI, which could be monitored. For accumulation in the ER, VFG-GPI was expressed at 40°C. Sorting to the ERES was visualized by inhibiting budding using a temperature shift to 10°C (Kirk and Ward, 2007; Rivier et al., 2010) . Immediately after the temperature shift, VFG-GPI could be observed throughout the ER, but did not merge with Sec13 in wild-type, pgap1, and pgap5 mutant cells (Fig. 3 A) . After a 30-min incubation at 10°C, VFG-GPI was accumulated in dot-like structures that colocalized with Sec13 in wildtype cells (Fig. 3 , B and C). In contrast, VFG-GPI exhibited reticular-like localization and did not colocalize with Sec13 in pgap1 and pgap5 mutant cells. The concentration of VFG-GPI at the ERES was significantly impaired in pgap1 and pgap5 cells (Fig. 3 D) . These results indicate that structural remodeling of GPI anchors is critical for the sorting of GPI-APs to the ERES.
p23 and p24 associate with structurally remodeled GPI-APs
The impairment of GPI-AP sorting to the ERES seen in pgap1 and pgap5 mutant cells raised the question of why structural changes in GPI anchors are required for efficient sorting. We hypothesized that there are putative cargo receptor proteins that recognize the remodeled GPI anchors for packaging GPIAPs into vesicles. To verify this possibility, we determined proteins specifically associated with GPI-APs in the wild type, but not in pgap1 or pgap5 mutant cells. Cells with VFG-GPI accumulated in the ER were incubated at 32°C for 20 min to allow for transport, and then lysed in buffer containing 1% digitonin. VFG-GPI was collected with anti-Flag beads and proteins were analyzed by SDS-PAGE. Bands 20 kD were specifically coprecipitated from wild-type cells (Fig. 4 A) . We analyzed the bands by mass spectrometry and identified them as Tmed10 (p23) and Tmed2 (p24; Fig. 4 B) . The association of p23 and p24 with VFG-GPI in wild-type cells was also confirmed by Western blotting, whereas in the pgap1 and pgap5 mutant cells, association of p23 and p24 with VFG-GPI was greatly decreased (Fig. 4 C) .
We next analyzed whether the decreased association of p23 and p24 with VFG-GPI in pgap1 and pgap5 mutant cells was caused by defects in remodeling of GPI anchors.
GPI-APs into COPII vesicles (Schimmöller et al., 1995; Belden and Barlowe, 1996; Muñiz et al., 2000; Castillon et al., 2009) . Genetic analyses also suggest that genes involved in structural remodeling of GPI anchors act together with p24 proteins in yeast (Elrod-Erickson and Kaiser, 1996; Haass et al., 2007) . In mammalian cells, knockdown of p24 genes resulted in delayed transport of GPI-APs from the ER to the Golgi (Takida et al., 2008; Bonnon et al., 2010) . The p23 and p24 proteins were coprecipitated with GPI-APs. The Sec24C and -D isoforms facilitated export of the p23-p24 complex from the ER, with the same preference for GPI-APs (Bonnon et al., 2010) . Evidence suggests that the p24 family of proteins act as cargo receptors for GPI-APs from the ER, but it remains unclear how the modified proteins are sorted and how p24 proteins recognize GPI-APs.
During GPI-AP transport, the lipid and glycan parts of GPI are remodeled (Fujita and Kinoshita, 2010) . Before exiting the ER, two structural remodeling reactions occur in mammalian cells; an acyl chain linked to inositol and a side-chain ethanolamine phosphate (EtNP) attached to the second mannose of the GPI anchor are removed by PGAP1 and PGAP5, respectively (Tanaka et al., 2004; Fujita et al., 2009 ). Both reactions are required for the efficient transport of GPI-APs from the ER to the Golgi. However, it is still not clear why the structural remodeling of GPI anchors is critical for efficient transport. Here, we elucidated that the two structural remodeling reactions of GPI anchors were critical for transporting GPI-APs to the ER exit sites (ERES). We also found that remodeled GPI anchors are efficiently recognized by the p24 family proteins. The association of p24 proteins with GPI-APs occurs at a pH found within the ER, whereas dissociation occurs at a pH found in ER-Golgi intermediate compartments (ERGIC) or the cis-Golgi. These results indicate that the remodeled structure of GPI after attachment to proteins acts as a sorting signal for ER exit that is recognized by p24 proteins.
Results

Structural remodeling of GPI-APs is required for sorting to the ERES
Before exiting of GPI-APs from the ER, two remodeling reactions-inositol deacylation by PGAP1 and removal of the second EtNP by PGAP5-occur in mammalian cells (Fig. 1) . We previously established a method for screening mutant cells defective in transport of GPI-APs . From the screening, we isolated C19 mutant cells defective in PGAP5 (Fujita et al., 2009) . The remodeling of GPI glycan by PGAP5 is required for the efficient transport of GPI-APs from the ER. From the same screening, we obtained another mutant cell line, designated FPRC2, in which GPI-APs were resistant to phosphatidylinositol-specific phospholipase C (PI-PLC) because of a defect in PGAP1 (Fig. S1 ). Consistent with our previous finding that transport of GPI-APs, decay-accelerating factor (DAF), and CD59 from the ER to the Golgi was delayed in PGAP1-deficient cells (Tanaka et al., 2004) , FPRC2 mutant clones also exhibited delayed transport of a reporter GPI-AP, VSVG exFlag-GFP (VFG-GPI (Fig. 2 A) . When the responsible genes p24 proteins are required for efficient transport of GPI-APs from the ER The involvement of p23 and p24 with respect to transport of GPIAPs from the ER was analyzed. The mRNA level of p23 in stable knockdown cells was decreased to 15% of that in control cells (Fig. 5 A) . A substantial decrease in p23 protein was observed in the knockdown cells (Fig. 5 B) . It has been reported that p24 proteins form a complex and stabilize each other (Belden and Barlowe, 1996; Marzioch et al., 1999; Denzel et al., 2000) ; therefore, we examined the status of p24 in p23 knockdown cells. The level of p24 was also decreased, whereas mRNA levels were not affected as expected (Fig. 5, A and B) . Transport of VFG-GPI was significantly delayed in p23 knockdown cells (Fig. 5 C) , as described previously (Takida et al., 2008; Bonnon et al., 2010) . Transport from the ER to the Golgi of another GPI-AP was also examined. The p23 protein was transiently silenced in CHO-K1 cells stably expressing Venustagged human CD59 (Venus-CD59). Pulse-chase analysis with endoglycosidase-H (Endo-H) sensitivity revealed that p23 knockdown resulted in delayed transport of Venus-CD59 from the ER to the Golgi (Fig. 5, D and E) . These results support the idea that p24 proteins are involved in transport of GPI-APs from the ER.
Binding of VFG-GPI with p23 and p24 was recovered in PGAP1-or PGAP5-restored cells (Fig. 4, D and E ). In contrast, binding of GPI-APs with p23 and p24 and sorting of GPI-APs to the ERES were normal in pgap2/pgap3 double mutant cells (Fig. S2, A and B) . Thus, structural remodeling of GPI anchors by PGAP1 and PGAP5 in the ER, but not fatty acid remodeling of GPI anchors mediated by PGAP3 and PGAP2 in the Golgi, is specifically required for association with p23 and p24 and sorting GPI-APs to the ERES. This is consistent with sites where these remodeling reactions occur in mammalian cells (Fig. 1) . The association of p23 and p24 with VFG-GPI was dependent on the GPI anchor because the association was significantly reduced when the GPI attachment signal was replaced with a transmembrane domain (Fig. S2 C) . The association was time dependent and peaked 10-20 min after transport commenced (Fig. S2 D) . In yeast and mammalian cells, it has been reported that the p24 family of proteins facilitate transport of GPI-APs from the ER to the Golgi, but the precise mechanisms are still unclear. Our results suggest that the p23-p24 complex recognizes the structurally remodeled GPI anchors. Fujita and Kinoshita, 2010) . Preformed GPI is attached to the C-terminus of a newly synthesized protein by GPI transamidase (TA). The acyl chain linked to inositol is eliminated by PGAP1. A side-chain EtNP attached to the second mannose is removed by PGAP5. After arrival of GPI-APs at the Golgi, fatty acid remodeling occurs; an unsaturated acid at the sn-2 position in the GPI lipid is removed by PGAP3 and then a saturated fatty acid (stearic acid) is transferred back. PGAP2 is a noncatalytic protein involved in the latter reaction. The putative catalytic component of the acyltransferase (Acyl-T) has yet to be discovered. (B) Remodeling of GPI-APs in the yeast Saccharomyces cerevisiae. After attachment of GPI to proteins, the acyl chain linked to inositol is eliminated by Bst1p (PGAP1 homologue). Then, the fatty acid remodeling of the GPI anchor is performed in the ER, mediated by Per1p (PGAP3 homologue) and Gup1p. In yeast, the diacylglycerol moiety in many GPI-APs is exchanged with ceramide by Cwh43p. Ted1p and Cdc1p, homologues of mammalian PGAP5, are localized in the ER. It was reported that Ted1p acts together with Emp24p and Erv25p, and that Cdc1p functions after Per1p and Gup1p in the same pathway, which suggests that they are involved in GPI remodeling. Side-chain EtNPs on the first and second mannoses are required for ceramide remodeling, whereas it remains unclear whether the side-chain EtNPs are eliminated.
steady state, Venus-CD59 on the cell surface of knockdown cells was the same as in control cells (Fig. S3 A) . Venus-CD59 on the cell surface was removed by PI-PLC to observe intracellular localization. In the control cells, the majority of the intracellular Venus-CD59 was localized at the Golgi apparatus (Fig. 6 A and S3 B) ,
Sorting of GPI-APs to COPII-coated vesicles was impaired in p23-knockdown cells
Because the transport of GPI-APs was delayed in p23 knockdown cells, we further analyzed cellular localization of GPI-APs. In the and incubation at 10°C for 1 h, Venus-CD59 had accumulated as punctuate structures that were largely colocalized with Sec13 in control cells (Fig. 6 C) . Under these conditions, p23 also accumulated in punctuate structures, which were partially colocalized with Venus-CD59 and Sec13 (Fig. S3 C) . In contrast, signals from Venus-CD59 remained in a typical reticular ER pattern and were mostly separated from Sec13 in the p23 knockdown cells (Fig. 6 D) . These results indicate that the p24 family of proteins act whereas in the p23 knockdown cells, ER reticular-like localization of Venus-CD59 was observed, colocalizing with calreticulin as well as at the Golgi ( Fig. 6 B and S3 B) . The ER localization of Venus-CD59 was more clearly observed in cells with an absence of p23 proteins ( Fig. 6 B, arrows), which suggests that GPI-AP transport from the ER was impaired in p23 knockdown cells.
We next investigated whether p24 proteins are required for sorting of GPI-APs to the ERES. After PI-PLC treatment dissociation in the ERGIC or cis-Golgi, are required. Calcium concentration is one of the factors for cargo binding and dissociation (Kawasaki et al., 2008; Dancourt and Barlowe, 2010) . Leguminous (L)-type lectin-like cargo receptors such as ERGIC53 and VIP36 require calcium for their cargo binding. The binding of p23 and p24 with VFG-GPI, however, seemed to be metal independent because addition of EDTA in the lysis and washing buffers did not as cargo receptors for GPI-APs by concentrating GPI-APs in the ERES, and facilitate efficient packaging into COPII vesicles.
Association of p23 and p24 with GPI-APs is pH dependent
If the p24 proteins act as cargo receptors for GPI-APs, then mechanisms for their association with GPI-APs in the ER, and their . Association of p23 and p24 with remodeled GPI-APs. (A) Detection of proteins specifically associated with VFG-GPI in FF8. VFG-GPI was expressed and accumulated in the ER in FF8, FPRC2, and C19 cells. The cells were then incubated at 32°C for 20 min to initiate transport of VFG-GPI. After cell lysis, VFG-GPI was precipitated with anti-Flag beads. Co-precipitated proteins were eluted using the Flag peptide and subjected to SDS-PAGE and silver staining. The boxed area at 20 kD is enlarged to the right. (B) Sequences of hamster Tmed10 (p23) and Tmed2 (p24). Protein bands at 20 kD in A were digested in-gel with trypsin and analyzed by mass spectrometry. The fragments detected by MS/MS analysis are shown in red. (C) Precipitated proteins in A were analyzed by Western blotting using a rabbit anti-p23, anti-p24, or anti-ERGIC53 polyclonal antibody. VFG-GPI was detected with an anti-GFP antibody. (D and E) Immunoprecipitation of VFG-GPI with p23 and p24. FF8, FPRC2, and FPRC2 stably expressing PGAP1 (D) or FF8, C19, and C19 stably expressing HA-PGAP5 (E) were cultured with 1 µg/ml doxycycline at 40°C for 24 h to induce VFG-GPI expression and its accumulation in the ER. The cells were then incubated at 32°C for 20 min to initiate VFG-GPI transport. After cell lysis, VFG-GPI was precipitated with anti-Flag beads and coprecipitated proteins were detected by immunoblotting using an anti-p23, anti-p24, or anti-ERGIC53 antibody. VFG-GPI was detected with an anti-GFP antibody. Total lysate corresponding to 1% and immunoprecipitates were used for analysis.
lack of coprecipitation of p23 and p24 was not caused by loss of the binding ability of antibody beads. We further determined whether p23 and p24 that bound to VFG-GPI could be dissociated by lowering the pH. VFG-GPI was extracted and precipitated with anti-Flag beads in a pH 7.4 buffer. After washing the beads five times with pH 7.4 buffer, they were resuspended in buffers at various pH levels for 15 min at 4°C. Both p23 and p24 were released from the beads at a pH <6.5, but not at a pH >7.0 (Fig. 7 B) . These results indicate that association and dissociation of p23 and p24 with GPI-APs was dependent on pH, and that p23 and p24 can be released from GPI-APs at a pH corresponding to the pH in the cellular organelle where dissociation is expected to occur. affect binding (Fig. S2 E) . Cellular pH is another factor that regulates the interactions between sorting receptors and their cargo (Paroutis et al., 2004; Appenzeller-Herzog and Hauri, 2006) ; the neutral pH in the ER promotes binding of cargo molecules to their receptors, whereas the acidic pH in the ERGIC and the cis-Golgi induces dissociation of the cargo. We investigated whether the association of p23 and p24 with GPI-APs was affected by pH. VFG-GPI was extracted and precipitated in buffers at various pH values. The p23 and p24 proteins were coprecipitated with VFG-GPI in the buffer at a pH >7.0, whereas coprecipitation was not seen at a pH <6.5 (Fig. 7 A) . VFG-GPI was still bound to the beads with the same efficiency under all pH conditions, which suggests that a (242) were lysed and the proteins were resolved by SDS-PAGE, followed by immunoblotting using rabbit anti-p23, anti-p24, or anti-ERGIC53 polyclonal antibody. (C) The cell surface expression of VFG-GPI was traced by flow cytometry. FF8 cells stably transfected with empty vector (+Vec) or p23 siRNA vector (+242) were stained with anti-Flag antibody at the indicated times after the commencement of transport. The geometric mean fluorescent values of surface VFG-GPI were quantified at each time point. The geometric mean of FF8 + Vec at 60 min was plotted as 100% relative transport. Values represent the mean ± SD (error bars; n = 3). (D and E) Pulse-chase transport analysis of Venus-CD59. Cells stably expressing Venus-CD59 were transfected with siRNAs against p23 or control RNA. After 72 h, the cells were pulse-labeled with [
35 S]methionine/cysteine followed by chasing for the indicated times, and immunoprecipitated with an antibody against Venus. Immunoprecipitates were treated with Endo-H, separated by SDS-PAGE, and analyzed and quantified using a Cyclone Phosphor Imager (Packard). The proportion of Golgi form (Endo-H-resistant form) and Venus-CD59 were plotted in E.
VFG-GPI was dependent on the structure of the GPI anchor; therefore, we compared wild-type and pgap1 mutant cells. Cells were lysed in a pH 8.0 buffer, and VFG-GPI was purified with an anti-Flag column. After washing, proteins bound to the column
Association of GPI-APs with p24 hetero-oligomers
We further asked if additional factors are involved in complexes of GPI-APs with p23 and p24. The binding of p23 and p24 with Figure 6 . Sorting of GPI-APs to the ERES is dependent on p24 family. (A and B) CHO-K1 cells stably expressing Venus-CD59 were transfected with control siRNA (A) or siRNA against p23 (B). After 72 h, the cells were treated with PI-PLC, followed by fixation, permeabilization, and immunostaining with antip23. Arrows indicate efficiently silenced cells. (C and D) CHO-K1 cells stably expressing Venus-CD59 were transfected with control RNA (C) or siRNA against p23 (D). After 72 h, the cells were treated with PI-PLC, incubated at 10°C for 1 h, fixed with 4% paraformaldehyde, and stained with anti-Sec13 to observe the ERES. In the merged images, Sec13 and Venus-CD59 were shown in red and green, respectively. Enlarged views of the boxed regions are shown below. Bars, 10 µm. endogenous p23 (Fig. S5, A-C) . The myc-p23 was functional in stabilizing p24 and transporting GPI-APs (Fig. S5, C and D) . Under these conditions, myc-tagged p23 was coimmunoprecipitated with p24, p25, and p28 (Fig. 8 D) . Collectively, our results indicate that p23 forms a hetero-oligomeric complex with members of three other subfamilies.
Discussion
Most secretory proteins are sorted and enriched at the ERES for efficient transport from the ER. Cargo receptors play critical roles in linkage of their cargo to COPII components for enrichment in transport vesicles. In the case of GPI-APs, it has been postulated that the GPI anchor functions as an ER exit signal (Mayor and Riezman, 2004) ; however, molecular mechanisms for the sorting of GPI-APs into the ERES are not well understood. We previously determined that structural remodeling of the GPI anchor is required for the efficient transport of GPI-APs from the ER to the Golgi (Fujita et al., 2009) . In this study, we elucidated the fact that GPI structural remodeling is critical for sorting GPI-APs to the ERES (Fig. 9) . The remodeled GPI-APs are recognized by the p24 family of proteins that were required for efficient concentration of GPI-APs into COPII vesicles. These findings indicate that p24 proteins act as cargo receptors for correctly processed GPI-APs in the ER.
The association of p24 proteins with GPI-APs was dependent on environmental pH. Under neutral and mildly alkaline were eluted with a buffer at pH 6.0. The p23 protein was eluted from the column loaded with the lysate from wild-type cells by decreasing the pH (Fig. 8 A) . A small amount of p23 was eluted from the column loaded with the lysate of pgap1 mutant cells, which is consistent with the idea that p23 associates with remodeled GPI-APs effectively. Under these conditions, proteins eluted from these two columns were compared and two specific bands of 20 and 25 kD were found in the eluate of samples from the wild-type cells (Fig. 8 B) . The protein bands were determined by mass spectrometry. The 20-kD band consisted of p23 and p24, which was the same as shown in Fig. 4 . The 25-kD band was identified as a mixture of Tmed9 (p25) and Tmed5 (p28), members of the p24 family (Figs. 8 B and S4) .
The p24 family can be subdivided into four subfamilies: , , , and . The p25, p24, p28, and p23 proteins can be classified as p24 2 , p24 1 , p24 2 , and p24 1 , respectively (Strating and Martens, 2009 ). Our results suggest that p24 proteins form hetero-oligomers when they bind to GPI-APs. In the p23 knockdown cells, the amount of p25, p28, p23, and p24 was decreased, which suggests that p23 stabilizes other p24 subfamily members (Fig. 8 C) . It has been reported that overexpression of members of the p24 family results in several artifacts, such as mislocalization and abnormal Golgi morphology (Blum et al., 1999; Rojo et al., 2000; Blum and Lepier, 2008) . To analyze the hetero-oligomers between p24 proteins avoiding possible artifacts, we constructed a retrovirus vector to express myc-tagged p23 at low levels in combination with knockdown expression of Figure 7 . p24 proteins associated with GPI-APs in a pHdependent manner. (A) Immunoprecipitation of VFG-GPI with p23 and p24 at various pH levels. FF8 cells were cultured with doxycycline at 40°C for 24 h to induce VFG-GPI expression and its accumulation in the ER. The cells were then incubated at 32°C for 20 min to initiate VFG-GPI transport. After cell lysis in lysis-IP buffer III of the indicated pH, VFG-GPI was precipitated with antiFlag beads and washed five times in wash buffer III of the indicated pH, followed by immunoblotting using an anti-p23, anti-p24, or anti-ERGIC53 antibody. VFG-GPI was detected with an anti-GFP antibody. Total lysate corresponding to 1% and immunoprecipitates were used for analysis. Bands in 1% total fractions gradually increased with an increased pH partly because solubilization of proteins in 1% digitonin was slightly better at higher pH. (B) Release of p23 and p24 from VFG-GPI by lowering pH. FF8 cells prepared in a similar manner to A were lysed in lysis-IP buffer III, pH 7.4, and VFG-GPI was precipitated with anti-Flag beads. After washing five times with wash buffer III, pH 7.4, wash buffer III at the indicated pH was added and incubated at 4°C for 15 min. The supernatant (S) and bead pellets (P) were collected, followed by immunoblotting as in A. Figure 8 . p24 proteins form heteromeric complexes with subfamily members. (A and B) Identification of proteins associated with VFG-GPI depending on pH. FF8 (WT) and FPRC2 (pgap1) cells were cultured with doxycycline at 40°C for 24 h. The cells were then incubated at 32°C for 20 min. After cell lysis using lysis-IP buffer II, pH 8.0, VFG-GPI was purified using an anti-Flag column. After thorough washing in wash buffer II, pH 8.0, the binding proteins were eluted with elution buffer II, pH 6.0. After elution with six bed volumes of buffer, proteins bound to the column were extracted with SDS sample buffer. Each fraction was subjected to SDS-PAGE, followed by immunoblotting using an anti-GFP or anti-p23 antibody (A). Proteins in eluted fraction 2 from FF8 (WT) and FPRC2 (pgap1) were detected by silver staining (B). Protein bands at 20 and 25 kD were identified by mass spectrometry as Tmed10 (p23), Tmed2 (p24), Tmed9 (p25), and Tmed5 (p28). Detected fragments are shown in Fig. S4 . Protein bands indicated by an asterisk (*) were observed through all fractions (elutions 16) at similar levels and were not specific in WT cells. (C) Knockdown of p23 destabilized other p24 proteins. FF8 cells permanently transfected with an empty vector (Control) or p23 siRNA vector (p23KD) were lysed, and proteins were resolved by SDS-PAGE, followed by immunoblotting using rabbit anti-p23, anti-p24, anti-p25, anti-p28, and anti-ERGIC53 polyclonal antibodies. (D) Coimmunoprecipitation of myc-p23 with p24 proteins. FF8 cells were stably transfected with a retrovirus vector expressing RNAi-resistant myc-tagged p23 (myc-p23) and shRNA against endogenous p23, as described in Fig. S5 . After cell lysis, myc-p23 was precipitated with anti-HA (control) or anti-myc antibodies or without antibody (No Ab), and coprecipitated proteins were detected by immunoblotting against anti-p23, anti-p24, anti-p25, anti-p28, and anti-ERGIC53 antibodies. Total lysate corresponding to 4% and immunoprecipitates were used for analysis. *, IgG heavy chains.
(Macedo-Ribeiro et al., 1999). It seems possible that GOLD domains of p24 proteins recognize GPI anchors, which contain both lipid and carbohydrate portions.
Proteins in the p24 family form a functional heteromeric complex, whereas it is still debatable whether they can exist as monomers, heterodimers, or heterotetramers, depending on the cellular compartments (Marzioch et al., 1999; Jenne et al., 2002) . The p24 family of proteins is divided into four subfamilies: , , , and . In mammalian cells, there are three members in p24 and five members of p24, whereas the p24 and p24 subfamilies each have a single member. We identified that p25, p24, p28, and p23 associated with VFG-GPI depending on pH. All subfamilies are contained within the complex associated with GPI-APs, because p25, p24, p28, and p23 belong to p24, p24, p24, and p24, respectively. Our results suggest that they could form a hetero-oligomer for their association with GPI-AP, although the stoichiometry among them remains to be determined. Additionally, our results also explain cargo selectivity. Our mass spectrometric analysis detected only one of each subfamily member; therefore, it is possible that heteromeric complexes consisting of different combinations of subfamily members recognize different cargoes from GPI-APs. These possibilities need to be addressed in future studies.
Mechanisms of sorting GPI-APs to the ERES are conserved in yeast and mammalian cells. Deletion of BST1, a yeast PGAP1 homologue, resulted in decreased concentration of the GPI-AP, Cwp2p, at the ERES (Castillon et al., 2009 ). Emp24p and Erv25p are yeast p24 (p24) and p24 (p23) members, which bind to varieties of GPI-APs and facilitate exit of GPI-APs from the ER (Castillon et al., 2011) . However, there are differences in the functions of p24. In mammalian cells, p24 proteins act to concentrate GPI-APs at the conditions, binding of p24 proteins to GPI-APs was clearly observed. Dissociation was observed under mildly acidic conditions. Ranges of pH for association (7.0-8.0) and dissociation (6.0-6.5) coincided with the pH in the ER and the ERGIC/ cis-Golgi, respectively (Paroutis et al., 2004) . Our results are consistent with a shuttling model for p24 proteins that bind to GPI-APs in the ER, transport them to and release them in the ERGIC/cis-Golgi, and are then returned to the ER (Fig. 9) . It is possible that remodeling of the fatty acid moiety of the GPI anchor in the Golgi also favors dissociation of p24 proteins. It has yet to be determined which part of the GPI anchor is recognized by p24 proteins. We plan to study the interaction between p24 proteins and GPI-APs through biochemical and biophysical analyses in the near future.
There is a possibility that the association of p23 and p24 with GPI-APs is indirect and requires an adaptor protein linking p24 proteins with GPI-APs; however, there is some evidence to support the concept of direct binding. Chemical crosslinking experiments in yeast showed that Emp24p or Erv25p was directly cross-linked to a GPI-AP (Muñiz et al., 2000) . Only the p24 family proteins were specifically eluted from VFG-GPI at pH 6.0 (Fig. 8) , which suggests that association of p24 proteins with GPI-APs is direct. Homology modeling of the luminal domains of p23 and p24, termed GOLD (Golgi dynamics) domains, showed that they assume a jelly-roll fold, an antiparallel  sandwich structure consisting of two antiparallel  sheets each with three-or four-strands (Fig. S5,  E-H) . The jelly-roll  sandwich domains are often observed in sugar-and lipid-binding/processing proteins, such as bacterial sialidase for cell surface-attached carbohydrates (Gaskell et al., 1995) , and the C2 domain of coagulation factor Va, which binds to phospholipids on the outside of the cell membrane Figure 9 . A model of selective sorting and transport of GPI-APs from the ER. After GPI transfer to proteins by the GPI transamidase, the acyl chain linked to inositol in the GPI anchor is eliminated by PGAP1 (1), and a side-chain EtNP on the second mannose of the GPI anchor is removed by PGAP5 (2). These two GPI remodeling reactions in the ER are critical for the sorting of GPI-APs to the ERES. The remodeled GPI-APs are efficiently recognized by the p24 protein family complex that concentrates GPI-APs into the COPII-derived vesicles (3). After transport to the ERGIC or the cis-Golgi, GPI-APs dissociate from the p24 protein family complex because of decreased luminal pH in these compartments (4). The p24 complexes are retrieved from the Golgi to the ER by the COPI vesicles (5).
Materials and methods
Cells and culture
The 3B2A cells were established by stably transfecting CHO-K1 cells with pME-NEO plasmid bearing DAF and CD59 under an SR promoter, and selecting by cell-sorting a clone expressing DAF and CD59 at high levels (Nakamura et al., 1997) . The FF8 cells are 3B2A cells stably transfected with pTRE2puro-VSVG ex -FF-mEGFP-GPI in conjunction with pUHrT62-1, an expression plasmid for reverse tetracycline-controlled transactivators Takida et al., 2008) . C19 and FPRC2 mutant cells are derivatives of FF8 cells, which are defective in PGAP5 and PGAP1, respectively. C10 mutant cells derived from 3B2A cells are defective in PGAP1 (Tanaka et al., 2004) . DM-C2 mutant CHO-K1 cells are defective in both PGAP3 and PGAP2 (Maeda et al., 2007) . CHO-K1 cells expressing Venus-CD59 were obtained after limiting dilution of cells stably transfected with pME-puro-Venus-tagged FLAG-CD59. The cells were grown in Ham's F12 medium supplemented with 10% (vol/vol) FCS, 600 µg/ml G418 and, if necessary, 6 µg/ml puromycin. Cells were maintained at 37°C/5% CO 2 in a humidified atmosphere. FPRC2 + PGAP1 and C19 + HA-PGAP5 cells were selected with 800 µg/ml hygromycin after FPRC2 and C19 cells were transfected with pME-hyg-rat-PGAP1 and pME-hyg-HA-hPGAP5, respectively. For use in a retrovirus system, FF8, FPRC2, and C19 cells were transiently or stably transfected with plasmids that express mouse CAT1, a receptor for ecotropic retroviruses. FF8, FPRC2, and C19 cells stably expressing Sec13-myc were then established by infection with retroviruses produced in PLAT-E packaging cells (a gift from T. Kitamura, University of Tokyo, Tokyo, Japan) transfected with pLIB2-BSD-Sec13myc, followed by selection with 6 µg/ml blasticidin. FF8 cells stably expressing p23 siRNA or control siRNA were established by infection with a retrovirus produced in PLAT-E cells transfected with pSINsi-hU6-BSD-242 or pSINsi-hU6-BSD, followed by selection with 6 µg/ml blasticidin.
Antibodies and materials
The antibodies used were mouse monoclonal antibodies against Flag (clone M2; Sigma-Aldrich), myc (clone 9E10), HA (HA-7; Sigma-Aldrich), GFP (Roche), and transferrin receptor (Invitrogen); and rabbit polyclonal antibodies against ERGIC53 (Sigma-Aldrich), calreticulin (Thermo Fisher Scientific), GPP130 (Covance), and Venus (Rivier et al., 2010) . Mouse monoclonal antibodies against CD59 (5H8) and DAF (IA10) were described in a previous study (Maeda et al., 2007) . Rabbit anti-p23, anti-p24, and antip25 antibodies were provided by F. Wieland and I. Reckmann (Heidelberg University, Heidelberg, Germany), and J. Gruenberg (University of Geneva, Geneva, Switzerland). Rabbit anti-p28 antibody was provided by H.-P. Hauri and H. Farhan (University of Basel, Basel, Switzerland). Rabbit anti-human Sec13 antibody was provided by R. Schekman and B. Lesch (University of California, Berkeley, Berkeley, CA). The secondary antibodies used were horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG), anti-rabbit IgG (GE Healthcare), anti-rabbit IgG-Fc specific (Jackson ImmunoResearch Laboratories, Inc.), anti-mouse IgG-Fc specific (Jackson ImmunoResearch Laboratories, Inc.), anti-mouse IgG Trueblot (eBioscience), phycoerythrin (PE)-conjugated goat anti-mouse IgG (BD), Alexa Fluor 594-conjugated goat anti-mouse IgG (Invitrogen), cyanine 5 (Cy5)-conjugated anti-rabbit IgG (Jackson ImmunoResearch Laboratories), and Cy3-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories).
Plasmids
Plasmid pME-VSVG ex -FF-mEGFP-GPI (VFG-GPI) encoded a reporter protein consisting of the extracellular domain of VSVGts (temperature-sensitive VSVG, a vesicular stomatitis virus G protein), a furin cleavage site, a Flag tag, mEGFP (modified EGFP) and a GPI attachment signal Takida et al., 2008) . Plasmid pME-VSVG ex -FF-mEGFP-TM (VFG-TM) contained a sequence for a non-GPI reporter protein consisting of the extracellular domain of VSVGts, a furin cleavage site, a Flag tag, mEGFP, and a carboxyl terminal region of human CD3 containing a transmembrane domain. The construction of pME-puro-Venus-Flag-CD59 (Venus-CD59) has been described previously (Rivier et al., 2010) . To construct pSINsi-hU6-BSD, which was an expression plasmid for siRNA and could be selected with blasticidin, the neomycin resistance gene in pSINsi-hU6 (Takara Bio Inc.) was replaced with the blasticidin resistance gene. Sequences of siRNA targeting p23 were selected using BLOCK-iT RNAi Designer (Invitrogen) and cloned into pSINsi-hU6-BSD, generating pSINsi-hU6-BSD-242 that contained the p23 siRNA sequence of 5-GCCATATTCTGTATGCCAA-3. This sequence was confirmed to interfere with p23 mRNA specifically as described previously (Takida et al., 2008) . The DNA fragments bearing the hU6 promoter and the blasticidin resistance gene in pSINsi-hU6-BSD-242 ERES for efficient packaging into COPII vesicles. In yeast, sorting of GPI-APs to ERES is independent of Emp24p. Instead, the yeast p24 complex appears to act as an adaptor proteins that facilitates vesicle formation by recruiting COPII components to the specific ERES containing already enriched GPI-APs (Castillon et al., 2011) . This may be caused by differences in structure of the GPI anchor in the ER of yeast and mammalian cells (Fujita and Jigami, 2008) . As illustrated in Fig. 1 , inositol deacylation of the GPI anchor by PGAP1/Bst1p occurs in the ER in both yeast and mammalian cells. Removal of the side-chain EtNP by PGAP5 is also performed in the ER of mammalian cells, and most likely in yeast by PGAP5 homologues-Ted1p and/or Cdc1p-which are localized at the ER. However, in yeast, two additional types of lipid remodeling take place in the ER (Fig. 1 B) : fatty acid remodeling by Per1p and Gup1p and ceramide remodeling by Cwh43p. This results in GPI-APs containing either ceramide-or diacylglycerolbased lipids with a very long chain fatty acid at the sn-2 position (Bosson et al., 2006; Fujita et al., 2006; Ghugtyal et al., 2007; Umemura et al., 2007) . In contrast, fatty acid remodeling, which replaces an unsaturated fatty acid at the sn-2 position of phosphatidylinositol in the GPI anchor with a saturated stearic acid, occurs only after arrival at the Golgi in mammalian cells (Fig. 1 A; Tashima et al., 2006; Maeda et al., 2007) . Fatty acid remodeling is essential for incorporation of GPI-APs into detergent-resistant membranes in yeast and mammalian cells. Different subcellular locations where fatty acid remodeling occurs coincide with different locations for association of GPI-APs with detergent-resistant membranes: the ER in yeast and the Golgi in mammalian cells (Brown and London, 1998; Bagnat et al., 2000) . Additionally, ceramide is required for the efficient transport of GPI-APs in yeast, but not in mammalian cells (Watanabe et al., 2002; Rivier et al., 2010) . In yeast, lipid-dependent concentration of GPI-APs seems more important for sorting to the ERES and Emp24p-Erv25p complexes then support packaging of GPIAPs into vesicles by bridging them with COPII components.
The p24 proteins play key roles in maintaining the fidelity of GPI-AP vesicular transport from the ER, but these are unlikely to be the only functions of p24 complexes (Strating and Martens, 2009) . It has been reported that p24 proteins are involved in numerous cellular functions, including transport of other secretory proteins, the unfolded protein response, quality control, retrograde transport from the Golgi, and Golgi structure maintenance (Bremser et al., 1999; AguileraRomero et al., 2008; Strating and Martens, 2009; Dancourt and Barlowe, 2010) . It should be clarified in future studies whether multiple phenotypes are caused by the direct or indirect function of p24 proteins. In this study, we elucidated that at least one of the direct functions of these proteins is to act as a cargo receptor in the ER and to package GPI-APs in COPII vesicles. Our current results provide evidence that GPI structures and their attachment to proteins are ensured and monitored by remodeling enzymes, with only the properly processed GPI-APs sorted and transported from the ER, and that cargo receptors recognize sorting signals within the modified GPI structure.
After washing with 0.1% BSA in PBS (+), the cells were incubated with anti-Sec13 antibody (1: 10,000), anti-p23 antibody (1:1,000), and/or anti-myc antibody (1:50) in 1% BSA in PBS (+) for 1 h. For staining with anti-calreticulin (1:100) and anti-GPP130 (1:800), cells were permeabilized with 0.1% Triton X-100. After washing three times with 0.1% BSA in PBS (+), the cells were incubated with Cy5-conjugated anti-rabbit IgG (1:200) and/or Cy3-conjugated anti-mouse IgG (1:200) in 1% BSA in PBS (+) for 1 h. After washing three times with 0.1% BSA in PBS (+), the coverslips were mounted in Prolong Gold antifade reagent. Micrographs were acquired with a 100× 1.4 numerical aperture oil objective lens with a microscope (AXIOZ1) and a charge-coupled device camera (AxioCam MRm) controlled by the software AxioVisionRel.4.6 (all from Carl Zeiss). The data were processed with ImageJ software.
Identification of proteins that associated with VFG-GPI FF8, FPRC2, and C19 cells (4 × 10 7 ) were cultured in complete medium containing 1 µg/ml doxycycline at 40°C for 24 h, harvested with trypsin-EDTA solution, and incubated in complete medium at 32°C for 20 min. The cells were then centrifuged, washed once with PBS, and lysed in 1.2 ml of lysis-IP buffer I (1% digitonin, 20 mM MES/Hepes, pH 7.4, 100 mM NaCl, and protease inhibitor mixture) for 1 h. Insoluble material was removed by centrifugation at 20,000 g for 15 min, and the VFG-GPI was precipitated from the supernatants with anti-Flag beads. The VFG-GPI and coprecipitated proteins were washed five times with wash buffer I (0.5% digitonin, 20 mM MES/Hepes, pH 7.4, and 100 mM NaCl), and eluted with wash buffer I containing 500 µg/ml Flag peptide for 2 h. Proteins were analyzed by silver staining or Western blotting. Protein samples were digested in-gel with trypsin, and analyzed by nanocapillary reversed-phase Liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a C18 column (inner diameter of 75 mm) on a nanoLC system (Ultimate, LC Packing) coupled to a quadruple time-of-flight mass spectrometer (QTOF Ultima; Waters). Proteins were identified by database searching using Mascot Daemon (Matrix Science).
For the pH elution, FF8 and FPRC cells (8 × 10 7 ) were cultured in complete medium containing 1 µg/ml doxycycline at 40°C for 24 h, harvested with trypsin-EDTA solution, and incubated in complete medium at 32°C for 20 min. The cells were then centrifuged, washed once with PBS, and lysed in 4.8 ml of lysis-IP buffer II (1% digitonin, 20 mM MES/Hepes, pH 8.0, 100 mM NaCl, and protease inhibitor mixture) for 1 h. Insoluble material was removed by centrifugation at 20,000 g for 15 min, and VFG-GPI was purified with an anti-Flag column, followed by washing with 50 column volumes of wash buffer II (0.5% digitonin, 20 mM MES/Hepes, pH 8.0, and 100 mM NaCl), and eluted with elution buffer II (0.5% digitonin, 20 mM MES/Hepes, pH 6.0, and 100 mM NaCl). The eluted proteins were analyzed by silver staining and Western blotting. Proteins were determined by LC-MS/MS as described earlier in this section.
Immunoprecipitation of VFG-GPI Cells (10 7 ) were cultured in complete medium containing 1 µg/ml doxycycline at 40°C for 24 h, harvested with trypsin-EDTA solution, and incubated in complete medium at 32°C for 20 min. The cells were then centrifuged, washed once with PBS, and lysed in 600 µl of lysis-IP buffer III (1% digitonin, 20 mM MES/Hepes, pH 7.4, or indicated pH, 100 mM NaCl, and protease inhibitor mixture) for 1 h. Insoluble material was removed by centrifugation at 20,000 g for 15 min, and the VFG-GPI was precipitated from the supernatants with anti-Flag beads. The VFG-GPI and coprecipitated proteins were washed five times with wash buffer III (0.5% digitonin, 20 mM MES/Hepes, pH 7.4 or indicated pH, and 100 mM NaCl), boiled in SDS sample buffer, and analyzed by Western blotting. For the pH release experiments, cells (6 × 10 7 ) were lysed in Lysis-IP buffer III, pH 7.4. After washing with wash buffer III, pH 7.4, five times, the beads were divided into six aliquots and incubated in 80 µl of wash buffer III (at the indicated pH) for 15 min at 4°C, and the supernatant was then collected.
Immunoprecipitation of p24 complex FF8 cells expressing myc-tagged p23 (2 × 10 7 cells/sample) were quickly harvested with trypsin-EDTA solution, centrifuged, washed once with PBS, and lysed in 600 µl of lysis-IP buffer I for 1 h. Insoluble material was removed by centrifugation at 20,000 g for 15 min, and the myc-tagged p23 was precipitated from the supernatants with or without 1.5 µg of anti-HA or anti-myc antibody, followed by addition of 40 µl of protein G-Sepharose (GE). After 2 h of incubation at 4°C, precipitated proteins were washed five times with wash buffer I, boiled in SDS sample buffer, and analyzed by Western blotting.
were integrated into pLIB2, generating pLIB2-242BSD. To construct pLIB2-242BSD-myc-p23, myc-p23 was amplified by PCR from pCB6-mycp23 , which was provided by J. Gruenberg, and integrated into pLIB2-242BSD. To construct pLIB2-BSD-Sec13-myc, Sec13-myc was amplified by PCR with pCS2-Sec13-myc, which was provided by T. Lee (Carnegie Mellon University, Pittsburgh, PA), and integrated into pLIB2-BSD.
Isolation of FPRC2 mutant cells defective in PGAP1
FF8 cells were treated with 1 µg/ml N-methyl-N'-nitro-N-nitrosoguanidine for 20 h and cultured for 1 wk. The cell sorting was performed based on a transport assay, as described in "Transport assay of reporter proteins by flow cytometry," in the first and second rounds of cell sorting using a cell sorter (FACSAria; BD). The cells in which GPI-APs were resistant to treatment with PI-PLC were sorted in the third round. The population obtained by this sorting procedure was subjected to limiting dilution, and a clone in which GPI-APs, CD59, and DAF were resistant to PI-PLC was selected and designated the FPRC2 cell line. Transfection of PGAP1 fully restored PI-PLC resistance of GPI-APs in FPRC2 cells.
Transport assay of reporter proteins by flow cytometry Cells derived from FF8 cells were cultured in complete medium containing 1 µg/ml doxycycline at 40°C for 24 h, harvested with trypsin-EDTA solution (Sigma-Aldrich), and incubated in complete medium at 32°C. The cells were stained with an M2 anti-Flag antibody and PE-conjugated goat antimouse IgG, and analyzed using a FACSCanto (BD) or FACSAria. In some cases, cells were transiently transfected with expression plasmids for reporter proteins using electroporation. After 1.5 d, the temperature was increased to 40°C and the cells were cultured for a further 24 h, followed by incubation at 32°C for the required times. In addition to the first gating (forward scatter and side scatter), a second gating to select cells expressing the same amount of reporter protein (brightness of EGFP in FL1) was performed for analysis by FlowJo software (Tree Star).
Sorting of cargo proteins into the ERES FF8, FPRC2, and C19 cells stably expressing Sec13-myc were cultured on gelatin-coated and acid-washed 12-mm-diameter glass coverslips at 37°C for 1 d, followed by incubation with 1 µg/ml doxycycline at 40°C for 24 h to induce VFG-GPI expression and accumulation in the ER. The media were then changed to pre-chilled Ham's F12 containing 10% FCS, 20 mM Hepes, pH 7.4, and 100 µg/ml cycloheximide. After incubating at 10°C in a water bath for the required time, the cells were washed once with PBS, fixed with 4% paraformaldehyde in PBS for 30 min, then washed twice with PBS and incubated with 10 mM ammonium chloride in PBS. The cells were permeabilized and blocked with blocking buffer A (0.1% saponin, 1% BSA, and 0.1% sodium azide in PBS) for 1 h. The cells were then incubated with anti-myc antibody diluted 1:300 in blocking buffer B (0.1% saponin, 2.5% goat serum, and 0.05% sodium azide in PBS) for 1 h. After washing three times with blocking buffer A, the cells were incubated with Alexa Fluor 594-conjugated goat anti-mouse IgG (1:800) in blocking buffer A for 1 h. After washing three times with blocking buffer A, the coverslips were mounted in Prolong Gold antifade reagent (Invitrogen). Images of the stained cells were acquired by a FluoView FV1000 confocal microscope (Olympus). VFG-GPI and Alexa Fluor 594 bound to Sec13-myc were excited by wavelengths of 488 nm and 559 nm, and the emitted fluorescence was captured at 505-540 nm and 575-675 nm, respectively. Regions of interest (ROI) indicating ERES (ROI (eres) ) were automatically set using MetaMorph software Ver. 3.0 (Molecular Devices). The ROI (eres) s were transferred to VFG-GPI images, and the average emission intensities of ROI (eres) (AI (eres) ) and those of the surrounding regions (AI (surro) ) were measured. A journal was programmed for the automatic measurements on MetaMorph. The ratios of AI (eres) to AI (surro) were calculated at each ERES and time point.
To observe Venus-CD59 in p23 knockdown cells, clonal CHO-K1 cells expressing Venus-CD59 were transfected with siRNA or negative siRNA (QIAGEN) using Lipofectamine 2000 (Invitrogen). After 24 h, cells were detached and cultured for 2d on acid-washed 12-mm-diameter glass coverslips at 37°C. To visualize internal Venus-CD59 signals, the cells were washed with Opti-MEM twice and incubated with 0.3 U/ml PI-PLC (Invitrogen) in Opti-MEM at 37°C for 40 min. After incubating at 10°C for 1 h in complete Ham's F12 medium supplemented with 20 mM Hepes-HCl, pH 7.4, the cells were washed twice with PBS containing Ca 2+ and Mg 2+ , PBS(+), fixed in 4% paraformaldehyde in PBS for 8 min, then washed three times with 10 mM glycine in PBS(+) to block residual paraformaldehyde. The cells were permeabilized and blocked with 3% BSA in PBS (+) containing 0.05% (wt/vol) saponin for 30 min at room temperature.
